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AT MACH 6.8" 

By Charles L. Ladson 
Langley Research Center 

SUMMARY 

The e f f e c t s  of modifications of t h e  t i p  f i n s  and center  f i n  on t h e  aero- 
dynamic cha rac t e r i s t i c s  of a model of a manned l i f t i n g  en t ry  vehicle  with 
negative camber, a f l a t  bottom, a blunt leading edge, and a de l t a  planform 
(designated HL-10) have been determined a t  a Mach number of 6.8. 
ura t ion  with modified t i p  and center  f i n s  was d i r ec t iona l ly  and l a t e r a l l y  s t a b l e  
throughout t h e  tes t  angle-of-attack range. The maximum trimmed lift coe f f i c i en t  
obtained was 0.48 and the  maximum trimmed l i f t - d r a g  r a t i o  was about 1.14. 
cont ro l  effect iveness  increased with increasing angle of a t t ack  and with 
increasing pos i t i ve  elevon def lec t ion  angle. 
cont ro l  was very small. 

The config- 

Rol l  

The yawing moment due t o  roll 

Newtonian theory generally p red ic t s  the t rends  i n  incremental d i r e c t i o n a l  

Simple Newtonian theory does 
and l a t e r a l  s t a b i l i t y  of t i p  f i n s  due t o  f i n  toe- in  and ro l l -ou t  angles,  but  
does not give close estimates of the magnitudes. 
not pred ic t  t h e  incremental p i tch ing  moment due t o  elevon def lec t ion  because of 
t h e  complex flow f i e l a  over t h e  elevons a t  both pos i t i ve  and negative def lec t ion  
angles.  

INTRODUCTION 

An inves t iga t ion  t o  determine the  aerodynamic cha rac t e r i s t i c s ,  problems, 
and possible  so lu t ions  t o  t h e  problems of a manned l i f t i n g  en t ry  vehicle  having 
a maximum hypersonic l i f t - d r a g  r a t i o  o f  about 1 has been underway a t  t h e  Langley 
Research Center s ince ea r ly  1962. A s  a r e su l t  of preliminary s tudies ,  a config- 
ura t ion  with negative camber, a f l a t  bottom, a blunt  leading edge, and a d e l t a  
planform, designated HL-10, was se lec ted  f o r  t e s t i n g  throughout t h e  Mach number 
range. 
16. 
with a t rapezoida l  center  f i n  and triangular-planform t i p  f i n s  (designated cen- 
t e r  f i n  E and t i p  f i n  D i n  r e f .  3) seemedto be a promising configuration f o r  
fu r the r  inves t iga t ion  a t  t ransonic  and supersonic speeds. 

Some of t h e  data  previously obtained a r e  published i n  references 1 t o  
Results i n  reference 3 indicated t h a t  t h e  basic  body shape i n  combination 

~~ __ * T i t l e ,  Unclassif ied.  



The r e s u l t s  from tests of t h i s  configuration a t  t ransonic  Mach numbers 
between 0.2 and 1.2 a r e  presented i n  reference 5 and, within t h e  l i m i t s  of t h e  
t es t  conditions, no large problem areas are evident. A t  supersonic speeds, 
however, d i rec t iona l  i n s t a b i l i t y  occurs within t h e  angle-of-attack range from 
about 20° t o  30° a t  Mach numbers between 1.5 and 3.0. (See refs. 6 and 7.)  

occurs; thus it i s  important t o  eliminate t h e  i n s t a b i l i t y  i n  t h i s  range. The 
supersonic data a l s o  show t h a t  both t h e  t i p  f i n s  and the  center  f i n  a r e  e f fec-  
t i v e  a t  t h e  lower Mach numbers and angles of a t t a c k  but only t h e  t i p  f i n s  a r e  
e f fec t ive  a t  the  higher Mach numbers and angles of a t t a c k .  Thus, modifications 
t o  both t i p  f i n s  and the center f i n  a r e  considered i n  t h e  present  invest igat ion 
i n  an e f f o r t  t o  achieve a d i rec t iona l ly  s tab le  vehicle.  

w 

P. ' 
J It 

~ i s  i n  t h i s  angle-of-attack range t h a t  t h e  maximum trimmed l i f t - d r a g  r a t i o  . . I  

I 
I Variations i n  both center- and t i p - f i n  geometry are incorporated on t h e  

basic  configuration and t e s t e d  a t  supersonic speeds. The more promising con- 
f igurat ions a r e  a lso t e s t e d  a t  
n e l  t o  determine the aerodynamic c h a r a c t e r i s t i c s  a t  t h i s  high speed. 
i n  t h e  hypersonic t e s t s  are var ia t ions  i n  t i p - f i n  ro l l -out  angle and toe- in  
angle f o r  a f i n  of l a r g e r  planform area than t h a t  presented i n  reference 3 .  

M = 6.8 i n  the  Langley 11-inch hypersonic tun- 
Included 

The purpose of the  present report  i s  t o  present t h e  longi tudinal ,  d i rec-  
t i o n a l ,  and l a t e r a l  s t a b i l i t y  c h a r a c t e r i s t i c s ,  and the  longi tudinal  and la te ra l  
control  charac te r i s t ics  of the  HL-10 configuration with these  f i n  modifications. 
The data  are  obtained a t  angles of a t t a c k  up t o  about 50' a t  a Reynolds number 
based on model length of about 1.7 x 106. 
e t e r s ,  including the incremental d i r e c t i o n a l  and la teral  s t a b i l i t y  of t h e  f i n s ,  
a r e  compared with Newtonian theory.  

Several  of t h e  aerodynamic param- 
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SYMBOLS 

Measurements f o r  t h i s  invest igat ion were taken i n  t h e  U.S. Customary I 

System of Units. 
In te rna t iona l  System ( S I )  i n  t h e  i n t e r e s t  of promoting use of t h i s  system i n  
fu ture  NASA reports .  Details concerning t h e  use of SI ,  together  with physical 
constants and conversion fac tors ,  are given i n  reference 17. 

Equivalent values are indicated herein parenthe t ica l ly  i n  t h e  

b span, i n .  (cm) 

C A 

CD 

CL 

C l  

axial-force coef f ic ien t ,  

drag coef f ic ien t ,  

L i f t  l i f t  coef f ic ien t ,  - 
ss 

Axial force 
qs 

Rolling moment rolling-moment c o e f f i c i e n t ,  
qSb 

2 - 



- * 2  
~ - - per degree 
1 'I 

Pitching moment pitching-moment coefficient, 
qsz 

Normal force normal-force coefficient, 
CN (4s 

Yawing moment yawing-moment coefficient, 
qsb 

Cn 

- 2 n  - - per degree 
cnp ap 

pressure coefficient cP 

CY 
Side force side-force coefficient, 

qs 

CYB = ap acy per degree 

I . *' L/D lift-drag ratio 

2 body length, in. (cm) 

M free-stream Mach number 

9 

R Reynolds number based on body length 2 

free-stream dynamic pressure, lbf/sq ft (N/m2) 

S reference area equal to projected planform area with elevons, 
sq in. (sq cm) 

SF reference area of tip fin, sq in. (sq cm) 

x,y,z body axes 

X,Y ,z distances along body axes, in. (cm) 

. 
' . *  a 

XF JYF J Z F  distances along body axes between model center of moments and tip- 
fin center of pressure; positive for tip-fin center of pressure 
behind and above model moment center 

angle of attack, deg 

3 
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sa  

Fin 

I4 
I5  
I6  

E 

E, deg E', de@; @, deg 8 ' 9  deg 

11.0 13.7 8.5 11.5 
5.8 10.4 15.0 17.5 

12.0 16.6 15.0 19.3 

E' 

. 
angle of s ides l ip ,  deg 

a i l e ron  def lec t ion  angle,  equal t o  right-elevon def lec t ion  angle ~. minus lef t -e levon def lec t ion  angle, deg 

elevon def lec t ion  angle; angle between elevon surface and model - .  
surface ahead of elevon measured i n  plane normal t o  elevon hinge 
l i n e ;  pos i t i ve  f o r  t r a i l i n g  edge down; (both upper and lower 
surface elevons move f o r  pos i t ive  and negative de f l ec t ions ) ,  deg 

f i n  toe- in  angle; angle between model v e r t i c a l  plane of symmetry 
and f i n  outer  surface measured i n  hor izonta l  reference plane of 
model (see f i g .  1( c )  ) , deg 

f i n  toe- in  angle; angle between model v e r t i c a l  plane of symmetry 
and f i n  outer  surface measured i n  plane of body lower surface 
( see  f i g .  l ( c ) ) ,  deg 

f i n  ro l l -ou t  angle; angle between model v e r t i c a l  plane of symmetry 
and f i n  outer  surface measured i n  plane normal t o  f i n  roll a x i s  
(see f i g .  l ( c ) ) ,  deg 

ld 

f i n  ro l l -out  angle; angle between model v e r t i c a l  plane of symmetry 
and f i n  outer  surface measured i n  v e r t i c a l  cu t t i ng  plane which 
i s  normal t o  f i n  outer  surface ( see  f i g .  l ( c ) ) ,  deg 

@' 

Subscript:  

max maximum 

MODEL AND DESIGNATIONS 

Three-view drawings showing d e t a i l s  of t he  HL-10 configuration i n  combina- 
Photographs of t h e  8-inch 

Each of t h e  t i p  dorsa l  f i n s  designated 
t i o n  with t h e  f i n s  t e s t e d  a r e  presented i n  figure 1. 
(20.32-cm) model a r e  shown i n  f igu re  2. 
I has an area of 8.9 percent of t h e  model planform area .  The center  f i n ,  des- 
ignated f i n  E2, has a planform area  of 9.9 percent of t he  model planform area .  
These f i n  designations a r e  a continuation of those presented i n  reference 3, 
and d e t a i l s  of f i n s  D and E may be found i n  t h i s  reference.  
of t i p - f i n  ro l l -out  and toe- in  angles were inves t iga ted  using t h e  I f i n  plan- 
form shape. The various combinations are i d e n t i f i e d  by subscr ip ts  on t h e  f i n  
designation and a r e  as  follows: 

Three combinations 

4 ., 
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The values of f i n  toe- in  and ro l l -ou t  angles a r e  not t heo re t i ca l ly  derived; 
they were measured from ex i s t ing  models and thus the re  may be s l i g h t  e r r o r s .  
Tip f i n  I 4  has been previously designated a s  I ~ . ~ ( 1 3 ) ,  the  subscr ipts  ind ica t ing  
t h e  design ro l l -ou t  and toe- in  angles.  This cumbersome designation has been 
replaced by t h e  designation 14 .  
without t i p  f i n s  are presented i n  reference 5. 

Cross-section ordinates  f o r  t h e  basic  body 

The model shown i n  f igu re  2 w a s  constructed of s t a i n l e s s  s teel  and w a s  
equipped with interchangeable f i n s  and elevons. A s  mentioned i n  reference 3, 
the  model caused a tunnel  blockage problem a t  angles of a t t a c k  above about 40° 
f o r  an elevon def lec t ion  angle of 0'. For pos i t i ve  elevon def lec t ion  angles,  
t h e  maximum angle of a t t a c k  a t  which tunnel blockage occurred w a s  reduced. A 
6-inch (15.24-cm) model was constructed,  therefore ,  i n  order t o  obtain data  a t  
higher angles of a t t ack .  This model, which w a s  made of aluminum, provided f o r  
t he  balance support t o  en ter  through t h e  upper surface r a the r  than through t h e  
base i n  an e f f o r t  t o  reduce the  support interference a t  high angles of a t t ack .  
(See sch l ie ren  photographs, f i g s .  3( d )  t o  3( g )  . ) The 6-inch (15.24-cm) model 
was not tested with t h e  center  v e r t i c a l  t a i l  or t he  upper surface center - l ine  
cy l ind r i ca l  f a i r i n g  because of t h e  type of balance support used. Data i n  ref- 
erence 3 show t h a t  t h e  center  t a i l  i s  shielded from t h e  flow and it produces no 
aerodynamic inputs  a t  angles of a t t a c k  above about 20'; therefore ,  data  on t h e  
6-inch ( l5.24-cm) model should be representat ive.  

A l l  coe f f i c i en t s  a r e  based on the  t o t a l  projected planform area, t h e  span, 
and t h e  length of t h e  model. The moment center  f o r  both models i s  loca ted  a t  
53 percent of t h e  body length behind t h e  nose and a t  1.25 percent of t h e  body 
length below the  reference center  l i n e .  The reference areas  and lengths  a r e  a s  
follows : 

I b, I 2 ,  

APPARATUS, TESTS, AND PROCELXJNZ 

The data contained herein were obtained i n  t h e  Mach 6.8 tes t  sect ion of 
A descr ip t ion  and ca l ib ra t ion  of t h i s  
Tests  on the  8-inch (20.32-cm) model 

t he  Langley 11-inch hypersonic tunnel.  
f a c i l i t y  i s  presented i n  reference 18. 
were conducted a t  an average s tagnat ion pressure of about 20 atmospheres 
absolute  (2.026 MN/m2) a t  an average Mach number of about 6.87. For t h e  6-inch 
(15.24-cm) model, t h e  stagnation pressure w a s  about 25 
and t h e  average Mach number was about 6.88. A l l  tests 
nat ion temperature of about 6000 F ( 5 8 9 O  K ) .  For both 
number based on model length was about 1.7 X 106. 

atmospheres (2.533 MN/m2), 
were conducted a t  a s tag-  
models, t he  Reynolds 

5 
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The angles of a t t ack  and s i d e s l i p  of the  model were measured op t i ca l ly  by 
use of a l i g h t  beam re f l ec t ed  onto a ca l ib ra t ed  sca le  from a prism imbedded 
within the  model surface.  This method gave t h e  true angle of a t t a c k  of t h e  
model, including the  def lec t ion  of t h e  model and s t i n g  under load. 
base pressure f o r  a l l  t e s t s  was measured on t h e  8-inch (20.32-cm) model. 
contribution of base pressure t o  a x i a l  force  was found t o  be negl ig ib le  com- 
pared w i t h  t he  measured a x i a l  force;  thus ,  t h e  data  presented a r e  uncorrected. 
Six-component, e l e c t r i c a l  strain-gage balances were used t o  obtain the  force  
and moment data. 

The model 
The 

(I, 

l b f / s q  f t  abs W/m2 

376 * 1.3 
472 f 1.3 

18 f 0.06 

23 2 0.06 

A l l  l a t e r a l -  and d i r e c t i o n a l - s t a b i l i t y  data were obtained a t  f i v e  angles 
of s ides l ip  between 00 and 8 O .  
were l i n e a r  with p ,  only the  slopes have been presented. A l l  longi tudina l  
performance data  a re  r e fe r r ed  t o  the  s t a b i l i t y  ax i s  system, whereas t h e  
d i rec t iona l - ,  lateral-, and long i tud ina l - s t ab i l i t y  r e s u l t s  a re  referred t o  t h e  
body a x i s  system. 

Inasmuch as t h e  d i r ec t iona l  and l a t e r a l  da ta  

Accuracy of s t a t i c  balance c a l i b r a t i o n s  
In terms of - 

CN CA C, C 1  Cn Cy 

0.0026 0.0012 0.0003 O.OOG1 0.0002 0.0008 

.GO59 .0059 .coo6 .0002 .0002 .0006 

ACCURACY OF RESULTS 

The accuracy f o r  the  angles of a t t a c k  and s i d e s l i p  was kO.2O. A summary 
of the average values and accuracies f o r  Mach number and dynamic pressure and 
of the balance accuracies i n  terms of t h e  aerodynamic coe f f i c i en t s  i s  presented 
i n  the  following t ab le :  

The 

M 
a' I 

0 t o  4C 6.87 * 0.03  I 32 t o  50 6.88 * 0.03 

Mach number var ied about kO.03 and t h e  dynamic pressure var ied about 
ft (287 N/rn2) during each t e s t  a s  a r e s u l t  of a change i n  tunnel  t h roa t  6 lbf / sq  

s i z e  due t o  heat ing as the  t e s t  progressed. 
i n  the  data reduction. 

These va r i a t ions  were accounted for 

V 

?' 

RESULTS 

Longitudinal Charac t e r i  s ti c s 

The longi tudinal  cha rac t e r i s t i c s  of t h e  configuration with t i p  f i n s  I5 and 
I6 a re  presented i n  f igure  4. 
but they differ i n  toe- in  angle ( E  = 5.8' and E = 12.00, respec t ive ly) .  Com- 
parison of f igures  k ( a )  and 4 (b )  shows t h a t  increas ing  t h e  toe- in  angle from 

l i t t l e  e f f ec t  on the  l i f t - d r a g  r a t i o .  These increases  a r e  t o  be expected, 
inasmuch as  increased toe- in  angle adds l i f t i n g  a rea  t o  the  vehicle  lower 

These f i n s  have t h e  same ro l l -ou t  angle (@ = 15') 

5 . 8 O  t o  12.0' increases  both t h e  lift and t h e  drag coe f f i c i en t s  s l i g h t l y ,  with * <  

6 ammmmm 



* 
surface and increases f r o n t a l  area. 
behind t h e  vehicle  center of gravi ty ,  a negative incremental pi tching moment i s  
a l s o  observed i n  the comparison of f igures  4(a)  and 4(b) .  
a t i v e  pi tching moment w i l l  r e s u l t  i n  lower t r i m  angles of a t t a c k  f o r  a given 
with an increase i n  toe- in  angle, but probably not much loss i n  t r i m  l i f t  s ince 
the  l i f t  coef f ic ien t  increases with toe-in angle. 

Because the  incremental l i f t  produced i s  

.# This increased neg- 
6e 

. .  

Detailed data on the configuration with t i p  f i n  I 4  and center  f i n  E2 a r e  
presented i n  f igure  5 and a r e  summarized as a t r i m  p l o t  i n  figure 6. This com- 
binat ion of f i n s  w a s  a l s o  t e s t e d  a t  supersonic speeds. Results obtained i n  t h e  
Langley Unitary Plan wind tunnel a t  Mach numbers of 1 .5  and 2.16 (not  presented 
herein)  show t h a t  t h i s  combination of f i n s  provided d i r e c t i o n a l  s t a b i l i t y  
throughout the  t e s t  angle-of-attack range and, f o r  t h i s  reason, most of t h e  
hypersonic data were obtained with these  f i n s .  Also presented i n  f igure  6 f o r  
comparison a r e  the  t r i m  c h a r a c t e r i s t i c s  from reference 3 of t h e  configuration 
with t i p  f i n  D and center  f i n  E.  With t i p  f i n  14,  t h e  HL-10 configuration has 
a maximum L/D of about 1.14 and a maximum CL of about 0.48, and it i s  cap- 
ab le  of trimming a t  L/D = 1 (a t  a = 37 o and CL = 0.35) f o r  an elevon 
def lec t ion  angle of about 16'. The maximum CL i s  about t h e  same and t h e  maxi- 
mum 
t i o n .  
needed f o r  t r i m  a t  a given angle of a t tack  with t i p  f i n  D, s ince with the  30' 
ro l l -out  angle of t h i s  f i n ,  more negative pi tching moment i s  produced than with 
f i n  14, wnicn has an 8.7" I-uii-out angle. 

L/D i s  s l i g h t l y  higher with t i p  f i n  D and center f i n  E on t h e  configura- 
It should a l s o  be noted t h a t  less posi t ive elevon def lec t ion  angles a r e  

The incremental pi tching moments due t o  elevon def lect ion are compared with 
For posi t ive elevon def lect ion angles,  the  theory Newtonian theory i n  f igure  7. 

g rea t ly  overpredicts the  experiment a t  
increased, t h e  overprediction i s  reduced. An examination of t h e  schl ieren flow 
photographs presented i n  f igure  3 shows t h a t  with pos i t ive  elevon def lect ions,  
flow separat ion occurs ahead of t h e  elevons and would be expected t o  reduce t h e  
elevon effect iveness .  
increasing angle of a t t a c k  and thus  t h e  r e s u l t s  of t h e  comparison of theory and 
experiment a r e  not t o t a l l y  unexpected. 
Newtonian theory (Cp,max = 2) w a s  used, and no losses  due t o  t h e  blunt-body f l o w  
f i e l d  were considered. Data from reference 3, indicated by squares i n  f igure  7, 
show t h a t  f o r  
b e t t e r  agreement between theory and experiment i s  obtained with t i p  f i n  D on t h e  
configuration. 

. - a = l5', but as angle of a t t a c k  i s  

The extent  of the  separation region decreases with 

For the  t h e o r e t i c a l  calculat ion,  

Se = 300, the  incremental pitching moment i s  grea te r  and thus 

I n  addi t ion  t o  pos i t ive  elevon deflection angles, two other  cases were 
t e s t e d :  6, = -300 and elevons o f f .  The data  f o r  t h e  elevons of f  are p l o t t e d  
i n  f igure  7 as flagged symbols a t  t h e  l e f t  borders of t h e  data  i n s e r t s  f o r  
a = 35' and a = 50°. For t h e  elevons off case, there  i s  very good agreement 
between t h e  t h e o r e t i c a l  and experimental incremental p i tch ing  moments. 
6, = -30° 
r e t i c a l  elevon effect iveness  i s  poor. The schl ieren flow photographs 
( f i g .  3 ( e ) )  f o r  
a longi tudinal  locat ion approximately coincident with t h e  elevon hinge l i n e .  

For 
a t  a = 50°, however, t h e  agreement between experimental and theo- 

a 2 40° show the  presence of a strong shock wave generated a t  

7 



I n  order t o  study t h i s  shock and t h i s  low effect iveness  f u r t h e r ,  surface flow 
pa t te rns  were obtained by using the oil-flow technique and t h e  r e s u l t s  a r e  pre- 
sented i n  f igure  8. 
elevons appears t o  be p a r a l l e l  t o  the  center  l i n e  of the  vehicle .  
6e = -30° 
outward except within t h e  t r i a n g u l a r  regions adjacent t o  t h e  elevon t i p  chords 
where t h e  o i l  t r a c e s  have been wiped o f f .  
ind ica tes  a region of high shear force.  
region of the elevon t i p  chords i s  formed as a r e s u l t  of the  difference i n  pres- 
sure across t h e  body-elevon chord plane. 
t h e  high l o c a l  pressure i n  the  t r i a n g u l a r  disturbance regions on t h e  elevons. 
The high pressure i n  these regions would c e r t a i n l y  contribute t o  decreasing t h e  
elevon effectiveness and thus would account f o r  the  differences between theory 
and experiment. 

For 6e = 00 ( f i g .  8 ( a ) ) ,  t h e  d i rec t ion  of flow over t h e  
For 

( f i g .  8 ( b ) ) ,  however, t h e  expanded flow over t h e  elevon i s  turned 

This lack  of o i l  t r a c e  on t h e  t i p s  
It i s  possible  t h a t  v o r t i c i t y  i n  t h e  

This vortex flow could account f o r  

The shock wave i n  t h e  v i c i n i t y  of t h e  expansion over t h e  elevon hinge l i n e  

For t h i s  elevon def lect ion angle, however, the  shock does not form 
i s  a l s o  evident on t h e  configuration with t i p  f i n  D f o r  
f i g .  3 ( f ) . )  
u n t i l  much higher angles of a t t a c k  a r e  reached than f o r  6, = -3OO. For t h e  
elevons off case ( f i g .  3 ( g ) ) ,  no strong shock wave i s  noted i n  the  region of 
the  expansion. 
and negative elevon def lect ion angle are necessary t o  c rea te  t h e  disturbance 
region on the elevon. 

6, = - 6 0 ~ .  (See 

Thus it i s  l i k e l y  t h a t  c r i t i c a l  combinations of angle of a t tack  

The ef fec ts  of increasing Reynolds number from 0.7 X 106 t o  2.2 X lo6 on 
6e = Oo a r e  pre- t h e  longitudinal c h a r a c t e r i s t i c s  of t h e  configuration with 

sented i n  f igure 9. Although some e f f e c t s  on a x i a l  force and normal force are 
noted, no e f f e c t s  on the  t r i m  angle of a t t a c k  or s t a b i l i t y  a r e  noted i n  t h e  
angle-of-attack range of the data. Inasmuch as the  schl ieren flow photographs 
show no separated flow f o r  zero elevon def lect ion,  these r e s u l t s  may be expected. 
However, f o r  configurations with pos i t ive  elevon def lect ion angles a t  lower 
angles of a t tack,  separation i s  noted t o  occur ahead of the  elevons; therefore ,  
more pronounced Reynolds number e f f e c t s  may be an t ic ipa ted .  

Directional and Latera l  S t a b i l i t y  Charac te r i s t ics  

Directional and l a t e r a l  s t a b i l i t y  measurements were obtained with t i p  f i n s  
14, Is, and 16. 
f i n s ,  Newtonian estimates of t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  f o r  t h e  s p e c i f i c  
combinations of f i n  angles t e s t e d  were made by using the  method presented i n  
t h e  appendix. Also included i n  t h e  appendix a r e  design curves showing the  
e f f e c t s  of toe- in  and ro l l -out  angle on t h e  d i r e c t i o n a l  and la te ra l  s t a b i l i t y  
charac te r i s t ics  of a t y p i c a l  t i p  f i n .  

Because of var ia t ions  i n  toe- in  and ro l l -out  angles among t h e  

I n  f igure 10, Newtonian estimates a r e  presented which show the  e f f e c t s  of 
ro l l -out  angle on t h e  increments i n  d i r e c t i o n a l  and l a t e r a l  s t a b i l i t y  LLC2 and 

( P  
due t o  adding t i p  f i n s  f o r  f i n s  having t h e  same toe- in  angles as f i n s  14 ,  

8 - 



' I?, and 16. The experimental data f o r  these f i n s  a r e  a l s o  presented. No def i -  
n i t e  comparison between theory and experiment can be made with these l imited 
data, but it appears t h a t  i n  most instances t h e  t rends a r e  predicted,  although 
t h e  magnitudes are not.  These t rends a r e  i n  agreement with t h e  r e s u l t s  of a 
comparison of theory and experiment on another type of vehicle presented i n  

, 

- reference 19. 

A comparison of the  la te ra l  s t a b i l i t y  c h a r a c t e r i s t i c s  with Newtonian theory 
f o r  t h e  configuration with t i p  f i n s  I4 and with no f i n s  i s  presented i n  f i g -  
me 11. For both configurations,  the  d i rec t iona l  s t a b i l i t y  parameter CnP i s  

i s  underestimated. I n  general, t h e  t rends i n  t h e  overestimated, whereas 

experimental data follow t h e  t h e o r e t i c a l  r e s u l t s .  
elevon def lec t ion  i s  seen t o  have l i t t l e  e f fec t  on the  l a t e r a l  and d i rec t iona l  
c h a r a c t e r i s t i c s  a t  hypersonic speeds. 
increment i n  CnP a t  a = Oo, but i t s  effectiveness diminishes with increasing 

angle of a t tack ,  as would be expected because of shielding e f f e c t s .  
r e f .  3 . )  
i n e f f e c t i v e  above a = 200. 
obtained with I4 w a s  
l i t t l e  e f f e c t  on t h e  hypersonic s t a b i l i t y  charac te r i s t ics  a t  t r i m .  

c 2 P  
A s  w a s  noted i n  reference 3 ,  

The center f i n  E2 produces about half  t h e  

(See 
Results of reference 3 indicated t h a t  the  center  f i n  w a s  completely 

Inasmuch a s  the lowest t r i m  angle of a t t a c k  
a = 16' (6, = 45O), it i s  obvious t h a t  t h e  center f i n  has 

Lateral  C m t r o l  Chzracter is t i  2s 

Lateral control  c h a r a c t e r i s t i c s  were obtained on t h e  8-inch (20.32-cm) 
. 

model f o r  elevon def lect ion angles of Oo, l 5 O ,  and 30°, and a i l e r o n  def lect ion 
angles of Oo, l5O, and 300. 
n a l  c h a r a c t e r i s t i c s  are presented i n  f i g u r e  12, and l i t t l e  e f f e c t  on CD, 
and L/D i s  evident. For 6a = 30°, a negative incremental pi tching moment i s  
obtained; it i s  caused by t h e  higher loading on t h e  elevon def lected i n t o  t h e  
wind as compared with t h e  loading on the  elevon def lected away from t h e  wind. 
For 
lower t r i m  angle of a t tack .  
sented throughout t h e  t es t  angle-of-attack range i n  f igure  13 and a r e  summarized 
i n  f igure  14 f o r  several  angles of a t t a c k .  
f igure 14 i s  t h e  s t rong dependence of l a t e r a l  control  on elevon def lect ion 
angle.  a = 25O, t h e  ai lerons are about four  t i m e s  as effec-  
t i v e  f o r  6, = 30° as they a r e  f o r  6e = Oo. The increase i n  control  effec-  
t iveness  with increasing angle of a t t a c k  and increasing elevon def lec t ion  angle 
is a r e s u l t  of the  high-pressure coefficients on t h e  elevons a t  the  high flow 
def lec t ion  angles.  Also, because of the  canted elevon hinge l i n e ,  t h e  yawing 
moment due t o  r o l l  control  i s  very s m a l l .  
t iveness  with Newtonian theory has been made since t h e  elevon effect iveness  
(which i s  ind ica t ive  of roll control,  since t h e  elevons are used f o r  r o l l  con- 
t r o l  a l s o )  shows poor agreement with theory i n  f igure  7. 

. . The e f f e c t s  of a i le ron  def lec t ion  on t h e  longitudi- 
CL, 

6, = 30°, t h i s  negative incremental pitching moment r e s u l t s  i n  about a 2 O  

The basic  l a t e r a l  control  c h a r a c t e r i s t i c s  a r e  pre- 

One important t rend  t o  be noted i n  

For example, a t  

No comparison of roll control  effec-  

* 
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CONCLUDING REMARKS 

The ef fec ts  of modifications of t h e  t i p  f i n s  and center  f i n  on the  aero- 
dynamic charac te r i s t ics  of a model of a manned l i f t i n g  en t ry  vehicle  with neg- 
a t i v e  camber, a f l a t  bottom, a blunt  leading edge, and a delta planform (des- 
ignated HL-10)  have been determined a t  a Mach number of 6.8. 
with modified t i p  and center f i n s  w a s  d i r e c t i o n a l l y  and l a t e r a l l y  s t a b l e  
throughout t h e  t e s t  angle-of-attack range. 
obtained was 0.48 and the  maximum trimmed l i f t - d r a g  r a t i o  was about 1.14. 
control  effectiveness increased with increasing angle of a t t a c k  and with 
increasing pos i t ive  elevon def lec t ion  angle. 
control  was very small. 

The configuration 

The maximum trimmed lift coef f ic ien t  
Ro l l -  

The yawing moment due t o  roll 

. 
, 

Newtonian theory generally pred ic t s  t h e  t rends i n  incremental, d i rec t iona l ,  
and l a t e r a l  s t a b i l i t y  of t i p  f i n s  due t o  f i n  toe- in  and rol l -out  angles,  but 
does not give close estimates of t h e  magnitudes. 
not predict  the  incremental pi tching moment due t o  elevon def lec t ion  because of 
t h e  complex flow f i e l d  over t h e  elevons a t  both pos i t ive  and negative def lec-  
t i o n  angles. 

Simple Newtonian theory does 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, V a . ,  August 4, 1965. 
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APPENDIX 

COMPUTATION OF INCREMENTAL DIRFCTIONAL AND 

LATERAL STABILITY OF TIP FINS 

Equations t o  determine the  d i r ec t iona l  and l a t e r a l  s t a b i l i t y  character-  
i s t i c s  of t i p  f i n s  on hypersonic l i f t i n g  vehicles  have been derived by using 
Newtonian flow concepts. 
included i n  the  ca lcu la t ions ,  which a r e  fo r  t he  windward f i n  surface.  The 
e f f e c t s  of f i n  leading edge on d i r ec t iona l  and l a t e r a l  s t a b i l i t y  were found t o  
be small and a r e  not included i n  t h e  calculat ions.  Results obtained from these  
equations, showing the  e f f e c t s  of f i n  ro l l -out  angle on 

sented i n  reference 20 f o r  a f i n  toe- in  angle of loo a t  angles of a t t a c k  from 
00 t o  600. Experimental r e s u l t s  for various f i n  ro l l -out  angles were a l s o  
obtained a t  M = 6.8, and t h e  parameters C z p ,  

t h e  Newtonian ca lcu la t ions  i n  reference 19. 

The e f f e c t s  of f i n  toe- in  and ro l l -ou t  angle were 

Cnp, have been pre-  

Cnp, and Cyp are compared with 

These equations have been a l s o  used t o  compute t h e  influence of t h e  f i n s  
on d i r e c t i o n a l  and l a t e r a l  s t a b i l i t y  f o r  t he  model of t h e  HL-10 presented i n  
t h e  present  paper. 
it i s  very time consuming, and, f o r  t h i s  reason, only t h e  equations a r e  pre-  
sented here in  a s  follows: 

Although t h e  der ivat ion of these  equations i s  not d i f f i c u l t ,  

1 - 4  

CyB = -K(cos a s i n  E cos $' - s i n  a s i n  f i f ) ( c o s  E cos @ I )  ( 3 )  

SF - cos 2p cos E cos fif . For small  values of E and $ where K = - 
(cos  E = cos $ I  = 1; s i n  E = E ,  s i n  g f  = $ I ) ,  these equations a r e  i d e n t i c a l  t o  
t h e  equations derived and presented i n  reference 21. 

4 
57.3 cP,max s 

I n  order t o  show the  e f f ec t s  of f i n  toe- in  and ro l l -ou t  angle on t h e  incre-  
mental l a t e r a l  s t a b i l i t y ,  p l o t s  o f  equations (l), (2), and (3) are presented i n  
f igu re  15. For t h i s  f igure ,  t h e  following constants were used: 

* - SF = 0.10 
S 
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xF - = 0.50 
b 

2 = 0.50 
b 

ZF - = 0.10 
b 

The curves i n  f igure  15 may be used f o r  any configuration i f  t h e  differences i n  
f i n  a rea  and t r ans fe r  dis tance are accounted f o r  i n  t h e  use of t h e  equations 
presented. 

. 
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(c) Fin toe-in and roll-out angle definitions. 

Figure 1.- Concluded. 
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a = O o  a = loo 
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a = 20° a = 30° 

a = 40° 

(d) be = OO. 

Figure 3.- Continued. 
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(e) 6, = -3OO. 

Figure 3.- Continued. 
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(f) 6, = -60'. 

Figure 3.- Continued. 
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a = 48O a = 5 4 O  

(g) Elevons off. 

Figure 3.- Concluded. 
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(a) Longitudinal performance. 

Figure 5.- Effects of elevon deflection on longitudinal characteristics of configuration with tip fin I4 and center f in  E2. 
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Figure 5.- Concluded. 
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